Left ventricular torsion (LVtor) measures the rotational deformation of the myocardium and plays an important role in LV contraction and filling. Two-dimensional (2D) speckle tracking echocardiography (STE) has been validated as a reproducible non-invasive technique to assess LVtor. LVtor is altered in many disease states, but the effects of loading conditions on LVtor have not been established. The aim of this study was to evaluate the effect of load alteration on LVtor as assessed by 2D STE.
Introduction
Left ventricular torsion (LVtor), twisting, and untwisting have been shown to be integral components of ventricular contractility, 1 diastolic suction, and filling. 2 The complex spiral orientation of myofiber layers in the LV produces ventricular deformation in three dimensions. During systolic contraction, counterclockwise rotation of the apex and clockwise rotation of the base create bi-directional twisting of the LV (LVtor) to eject blood and store elastic energy. During diastole, this energy is released, manifested by LV untwisting, facilitating early diastolic LV filling. This 'suction' effect is enhanced with exercise and allows greater LV filling while maintaining low diastolic pressures. Recently developed two-dimensional (2D) speckle tracking echocardiography (STE) has been validated as a reproducible, non-invasive technique to quantify LV torsion dynamics. 3 LVtor parameters have subsequently been found to be abnormal in a number of different disease states. 4 -8 However, the contribution of loading conditions to LVtor remains unclear. This study aimed at evaluating the effect of load alteration on LV torsion and untwisting and correlating the change in LV torsion-derived parameters with simultaneously measured invasive high-fidelity left ventricular haemodynamics.
Methods

Study population
This was a prospective, single-centre study. All patients were studied in the Mayo Clinic Rochester Catheterization Laboratory. Of 20 consecutive patients undergoing left heart catheterization with normal ejection fraction (EF ≥ 50%) and no regional wall motion abnormalities, 17 had adequate images to allow interpretation of LV torsion-derived parameters. The baseline characteristics and clinical indications for the catheterization are shown in Table 1 . Transthoracic echocardiography and high fidelity left ventricular pressure recordings were performed simultaneously. All patients provided informed consent for review of their medical records in accordance with Minnesota law. This study protocol was approved by the Mayo Foundation institutional review board. All authors had full access to and take full responsibility for the integrity of the data.
Invasive haemodynamic study
All invasive haemodynamic studies were performed in a fasting state with conscious sedation. Cardiovascular medications were continued on the day of the procedure. Femoral access was used to gain access to the right and left heart. High-fidelity, micromanometer-tip catheters (Millar Instruments, Houston, TX, USA) were used in 17 patients as previous described. 9 All invasive haemodynamic measurements from the high fidelity pressures were to measure end-expiratory pressures at steady state. Rapid-acquisition (3 ms intervals) digital records were employed for data collection and subsequent offline analysis. The following variables were derived: left ventricular enddiastolic pressure (LVEDP), LV minimum pressure (LVmin), LV systolic pressure (LVSP), peak 2dP/dt. The time constant of LV relaxation (tau) was calculated by the method of Weiss et al. 10 End-systolic pressure was derived from 0.9 × LVSP. The effective arterial elastance (Ea) was calculated by end-systolic pressure/stroke volume. Stroke volume was calculated from echocardiographic volumes using the Teicholz formula. These measurements were obtained at baseline and then repeated after achieving a steady state with intravenous infusion of nitroprusside. The initial dosage of nitroprusside was 0.5 mcg (kg/ min) over 5 min. Increasing increments of nitroprusside were given until LVSP decreased by at least 20 mmHg.
Echocardiographic studies
Transthoracic echocardiography was performed in a supine position with a commercially available echocardiographic instrument (Aplio SSA-770A, Toshiba Medical Systems, Tokyo, Japan) at baseline and load alteration state. After completion of the standard echocardiographic examination, the parasternal basal and apical short-axis planes were scanned to quantify basal and apical LV rotations without dual-focusing. Frame rate (60 -80 frame/s) was adjusted during end-expiratory breath holding for better image acquisitions. The short-axis views were obtained as previously described: 11 the basal level was obtained at the tips of the tips of mitral valve leaflets, whereas the apical level was defined just proximal to the level with LV luminal obliteration at the end-systolic period. In each short-axis acquisition, the LV cross section was made as circular as possible. At each plane, three consecutive cardiac cycles were acquired during end-expiration, and digitally stored in a hard disk for offline analysis. All echocardiographic recordings were performed simultaneously with the high fidelity pressures.
Conventional echocardiographic analysis
The analysis was performed offline by a single observer without the knowledge of haemodynamic data using Toshiba workstation. LV cavity size, wall thickness, and EF were measured according to the recent guidelines of the American Society of Echocardiography.
12
Mitral inflow was obtained by pulsed wave Doppler echocardiography with the sample volume between mitral leaflet tips during diastole and mitral annulus velocities were obtained from the septal annulus by tissue Doppler imaging. All measurements were performed in from three cardiac cycles and averaged.
Left ventricular torsion analysis
LV torsion mechanics were analysed as previously described (Figure 1 ).
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The time interval between the onset of the QRS on the electrocardiogram and the aortic valve opening and closure, and the time from the QRS wave to the mitral valve opening and closure, were measured using pulse wave Doppler from the LV outflow and inflow, respectively. Averaged LV rotation and rotational velocity profile from six segments of each short-axis view were used for the calculation of LVtor. After procurements of LV rotation at the two short-axis levels, LVtor was calculated as the net difference between LV rotation angles obtained from basal (clockwise) and apical (counterclockwise) short-axis planes at the same time point, i.e. LVtor (degree) ¼ (apical LV rotation 2 basal LV rotation). Once the endocardium was traced, the time domain of LV rotation for each segment was displayed in both short-axis planes. The twisting rate (TR) was defined as: (the peak LVtor 2 peak negative LVtor in early systole)/(time difference between peak LVtor and peak negative LVtor in early systole). The untwisting rate (UTR) was defined as (the peak LVtor 2 Tor_MVO)/ (time difference between peak LVtor and MVO), where Tor_MVO is torsion at mitral valve opening. For temporal analysis, the time sequence was normalized to the percentage of systolic duration (i.e. at end-systole, t ¼ 100%) and diastolic duration (i.e. at end-diastole, t ¼ 100%). The onset of the QRS was defined as t ¼ 0%, and aortic valve closure (from the LVOT velocity) defining end-systole, where t ¼ 100%.
Inter-observer and intraobserver variability for measurements of left ventricular torsion
Inter-observer measurement variability was determined by a second independent blinded observer who measured LV torsion in seven randomly selected patients. Intraobserver variability was determined by having the first observer who measured the data in all patients remeasure LV torsion in seven patients 1 month apart. Inter-and intraobserver variability were calculated as the signed differences between the observations and reported the mean and standard deviation of that.
Statistical analyses
Data were expressed as mean + SD or as percentages where appropriate. Repeated measures analysis of variance was used to determine the effects of afterload on LV torsion mechanics. Repeated measures analysis of variance with the Student - Newman -Keuls correction was used to determine the statistical significance of the intervention. Pearson's correlation coefficients were calculated to assess relationships between continuous variables. All the analyses were performed with the commercially available software (SPSS version 10.0, SPSS Inc. and JMP, SAS Institute Inc., Cary, NC, USA) and a P , 0.05 was considered statistically significant.
Results
Baseline characteristics Table 1 lists the baseline characteristics in the study population. The mean population age was 64 + 12 years. All had normal ejection fraction (mean of 61 + 10%). The underlying diseases states for this population are listed in Table 1 .
Effect of load alteration on echocardiographic and haemodynamic parameters
Nitroprusside infusion (mean dosage 1.44 + 1.47 mcg/kg/min) caused a decrease in LVSP (from 137.7 + 20.5 to 110.7 + 18 mmHg, P,0.0001). There was a decrease in LVmin (10.6 + 5.9 to 1.5 + 5.0 mmHg, P , 0.0001) and LVEDP (24.1 + 5.1 to 13.4 + 4.7 mmHg, P , 0.0001). There was a decrease in tau from 53 + 18 to 38 + 14 ms (P , 0.005). There was no change in LV diastolic dimension (50.9 + 9.1 to 49.6 + 8.1 mm, P ¼ NS). Ea decreased from 1.48 + 0.12 to 1.13 + 0.96 mmHg/mL (P ¼ 0.001). There was a significant decrease in LV systolic dimension during nitroprusside infusion (32.7 + 7.4 to 27.5 + 7.3 mm, P , 0.0001) ( Table 2 ). LV torsion, apical rotation, TR, and UTR were significantly increased after nitroprusside infusion compared with baseline ( Figure 2) . Figure 3 shows an example of the increase in LV torsionderived parameters and decreased LV systolic and diastolic filling pressures before and after nitroprusside infusion. Since there was no significant change in basal rotation, the enhanced LV torsion during nitroprusside infusion was primarily due to an increase in apical rotation.
Relation of left ventricular torsion mechanics to haemodynamic parameters
The change of LVEDP (DLVEDP) was significantly and inversely related to change of LV torsion (DLVtor) (r ¼ 20.54, P , 0.05), change of TR (DTR) (r ¼ 20.50, P , 0.05), and change of UTR (DUTR) (r ¼ 0.54, P , 0.05) (Figure 4) . The change of LVmin (DLVmin) was also significantly and inversely related to DLVtor (r ¼ 20.63, P , 0.01), DTR (r ¼ 20.63, P , 0.01), and DUTR (r ¼ 0.51, P , 0.05). The greater the drop in LV filling pressures, the larger the increase in measures of LV tor, TR, and UTR.
There was a significant correlation between the change of LV torsion and the change in LV end-systolic diameter (r ¼ 0.63, P , 0.01) as well as a significant correlation between the change of LV torsion and change in LV end-systolic pressure (r ¼ 0.61, P , 0.01). There was a significant correlation between the change of LV torsion and the change of Ea (r ¼ 20.66, P , 0.05) ( Figure 5 ).
Measurement variability
The inter-observer variability was r ¼ 0.92 for apical rotation (3.6 + 1.8 vs. 3.5 + 2.48, P ¼ 0.003), r ¼ 0.95 for basal rotation (24.0 + 2.6 vs. 23.5 + 2.58, P ¼ 0.001), and r ¼ 0.88 for The effect of loading alterations on left ventricular torsion torsion (7.1 + 3 vs. 6.6 + 2.88, P ¼ 0.01). The mean difference between two observers was 0.08 + 0.001 (apical rotation), 20.50 + 0.008 (basal rotation), and 0.55 + 0.001 (LVtor).
Discussion
In this study, there were significant changes in measures of LV torsion, TRs, and UTRs by 2D STE during changes in loading conditions. These parameters were all enhanced in the setting of drug-induced vasodilation, indicating substantial load dependence of these measures of LV rotational deformation. In addition, the increases in measures of LV torsion were associated with a decrease in Ea, a faster rate of LV relaxation, and lower filling pressures, which may provide insight into the mechanisms of diastolic filling of the LV.
The evaluation of myocardial mechanics in cardiac disease states has greatly evolved over the past decades. Conventional measurements evaluate the change in long-and short-axis left ventricular dimensions and volumes, and consist of widely used parameters such as EF and fractional shortening. However, it is well recognized that myocardial function is determined by ventricular deformation in three dimensions. Left ventricular muscle fibres vary in orientation-epicardial fibres spiral over a large radius, occupying more volume than endocardial fibres, resulting in left ventricular torsional movements. In systole, the left ventricular apex rotates counterclockwise, whereas the base rotates clockwise, creating a torsional deformation from the dynamic interaction of oppositely wound epicardial and endocardial fibres. The 'wringing motion' of the left ventricle (e.g. twist mechanics) is important not only for systolic function but appears to play a major role in early diastolic filling of the left ventricle when untwisting occurs.
In the past, evaluation of left ventricle twist mechanics was possible only with complex optical device measurements in the animal model 13, 14 or implanted markers in humans. 15 However, STE makes it possible to non-invasively measure the rate and degree of myocardial twist and untwist in humans. This technique is accurate, reliable, and can be rapidly obtained. 3 -5 An increasing number of studies have examined abnormalities of left ventricle twist and untwist in various disease states using these modalities. 4 -8,11 The implication of 'abnormal' measurements has been that these represent abnormalities of intrinsic myocardial function. In order to properly interpret the relevance of measured 'abnormalities' of twist and torsion, it is necessary to first understand the effects of altered loading conditions on these measures.
Left ventricular torsion, twist, and load
Prior studies have not been conclusive regarding the effects of loading conditions on twist and untwist parameters. Using implanted radio-opaque myocardial markers in cardiac transplantation patients, 15 initial studies examined the effect of inotropic stimulation and volume loading in human patients following transplantation, showing no effect of changes in left ventricular volume on myocardial twist. The degrees of myocardial twist and untwist were dependent upon changes in intrinsic contractility, but loading conditions such as an increase in afterload or increase in preload did not appear to affect the myocardial twist parameters. However, subsequent studies using optical devices in animal models and MRI scanning in the isolated hearts did show that myocardial twist and untwist were related to loading conditions. 13, 14, 16 An increase in afterload was associated with a delay in the timing of twist and decrease in the amount of twist, as well as a decrease in the rate of untwist. 13 The relationship of preload to twist was variable, but when afterload was held constant, an increase in torsion was observed with an increase in preload.
The results of our study herein confirm that myocardial twist and untwist is highly dependent on the loading conditions. After infusion of nitroprusside, which causes vasodilatation, there was a significant increase in twist and rate of untwist of the left ventricle. This increase in the twist and untwist of the left ventricle was also associated with a faster rate of LV relaxation.
Diastolic relaxation, twist, and afterload
The effect of load on LV twist and untwist may be a mechanism by which changes in afterload affect early diastolic filling. 17 -20 Torsional deformation during ejection stores potential energy, largely within the sarcomeric macromolecule titin. 21 In our study herein, LV untwisting was enhanced with nitroprusside infusion. This enhanced untwisting was associated with a shorter time constant of relaxation (tau). Nitroprusside has a known vasodilatory effect on both the arterioles and venules. However, the primary effect of nitroprusside is a decrease in afterload, which was shown herein by the significant fall in effective arterial elastance and decrease in LV end-systolic dimension with no change in LV end-diastolic dimension. Prior studies have shown that an increase in LV torsion parameters is associated with a decrease in afterload but not a decrease in preload. 13 -15 Thus these findings lend further support to the notion that afterload reduction may improve diastolic performance by increasing the rate of ventricular relaxation resulting in enhanced untwisting and a lowering of LV filling pressures. 17, 19, 23 
Study limitations
A major limitation of this study was the small sample size as well as a heterogeneous group of cardiovascular diseases in the patients. However, the purpose was to determine whether the LV torsion mechanics as measured by 2D STE were affected by changes in load. Thus each patient served as his or her own control using a paired analysis comparing baseline vs. nitroprusside infusion. All patients showed a similar change in the LV torsion parameters irrespective of the underlying disease. This study only examined the response of the LV torsional parameters to acute changes in load, which may not be the same as chronic load alterations in patients with stable heart disease.
The magnitude of LV torsion is directly correlated with LV chamber length and radius. Since nitroprusside may affect the geometric structure of the LV, the net twist angle should ideally be indexed to these geometric measurements, which was not done in this study.
Conclusion
LVtor, TR, and UTR are each significantly affected by changes in load. This is similar to the findings of the dependence of left ventricular strain and strain rates upon loading conditions. 24 Loaddependence of these parameters must be taken into consideration when evaluating clinical responses and differences in various disease states using newer measurements of ventricular function.
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